Coxsackievirus A9 (CAV9), a member of the Picornaviridae family, uses an RGD motif in the VP1 capsid protein to bind to integrin ␣v␤6 during cell entry. Here we report that two CAV9 isolates can bind to the heparan sulfate/heparin class of proteoglycans (HSPG). Sequence analysis identified an arginine (R) at position 132 in VP1 in these two isolates, rather than a threonine (T) as seen in the nonbinding strains tested. We introduced a T132R substitution into the HSPG-nonbinding strain Griggs and recovered infectious virus capable of binding to immobilized heparin, unlike the parental Griggs strain. The known CAV9 structure was used to identify the location of VP1 position 132, 5 copies of which were found to cluster around the 5-fold axis of symmetry, presumably producing a region of positive charge which can interact with the negatively charged HSPG. Analysis of several enteroviruses of the same species as CAV9, Human enterovirus B (HEV-B) , identified examples from 5 types in which blocking of infection by heparin was coincident with an arginine (or another basic amino acid, lysine) at a position corresponding to 132 in VP1 in CAV9. Together, these data show that membrane-associated HSPG can serve as a (co)receptor for some CAV9 and other HEV-B strains and identify symmetry-related clustering of positive charges as one mechanism by which HSPG binding can be achieved. This is a potentially powerful mechanism by which a single amino acid change could generate novel receptor binding capabilities, underscoring the plasticity of host-cell interactions in enteroviruses.
C oxsackievirus A9 (CAV9) is a member of the genus Enterovirus (species Human enterovirus B [HEV-B]) of the family
Picornaviridae and has a polyadenylated single-stranded positivesense RNA virus of around 7.5 kb, which is enclosed in a naked icosahedral capsid (5, 30) . It is an important human pathogen that can infect the central nervous system and also cause myocarditis and respiratory illness, in some cases leading to neonatal death (9, 13) . CAV9 uses a functional arginine-glycine-aspartic acid (RGD) motif in the VP1 capsid protein (6) to interact with cell surface integrins ␣v␤3 and ␣v␤6 during cell entry (14, 38, 48) .
Several other picornaviruses have a functional RGD motif which they use to interact with integrins. Some foot-and-mouth disease virus (FMDV) serotypes have been shown to interact with ␣v␤1, ␣v␤3, ␣v␤6, and ␣v␤8 integrins, and some human parechoviruses (HPeVs) are known to interact with ␣v␤1, ␣v␤3, and ␣v␤6 integrins (20, 22-24, 36, 40) . Although several internalization mechanisms are known to mediate picornavirus entry, e.g., clathrin-mediated endocytosis for FMDV (26) and a caveolin-mediated mechanism for coxsackievirus B3 (CBV3) (7), recent evidence indicates that CAV9 entry is mediated not by these classical mechanisms, as was previously thought, but, rather, by a caveolin-and clathrin-independent mechanism (15) . While CAV9 infection is mediated by the RGD motif, RGD-independent infection can also occur (17) . However, events governing RGDindependent entry have not been identified. Molecules such as GRP78 and ␤2-microglobulin and/or major histocompatibility complex class I (MHC-I) have been implicated in CAV9 infection and may be involved in either RGD-dependent or -independent infection (15, 45) .
In this study, we examined heparan sulfate proteoglycan (HSPG) interactions with CAV9 and other members of the HEV-B species. Several viruses are known to interact with HSPG molecules at the cell surface as a prelude to infection, and the list of such viruses continues to grow (8, 31, 50) . These include some serotypes of adenovirus which can show differential preference over the various conformations of HSPG that can occur (46) . Several picornaviruses, including members of different species of the genus Enterovirus, have been reported to interact with HSPG (12, 19, 28, 29, 47, 49) . However, apart from an interaction between an FMDV variant and heparin studied at atomic resolution, the molecular basis of this interaction is largely unknown (10, 11) .
In this report, we identify HSPG as a (co)receptor for some strains of CAV9. We have mapped the HSPG-binding domain to an R residue at position 132 in the VP1 protein of the capsid structure, which, in the folded form, clusters around the 5-fold axis of symmetry and presumably produces a positively charged area allowing interactions with HSPG. Sequence analysis combined with blocking studies using heparin identified an R or lysine (K) residue at the corresponding position in several heparinblocked isolates from other species HEV-B types, suggesting that this clustering is a common mechanism for HSPG binding in enteroviruses. Interestingly, this finding correlates with a recent study on FMDV SAT-type viruses, in which amino acid substitutions clustering around the 5-fold axis of symmetry permitted these viruses to bind HSPG (33) . Thus, a symmetry-related clustering mechanism to generate a receptor binding site is seen in two fectious RNA using a T7 RNA polymerase RNA transcription kit (Invitrogen, United Kingdom). Next, GMK cells were transfected with 10 g of RNA per flask using DEAE-dextran followed by dimethyl sulfoxide (DMSO) shock (32) . After 3 days, a plaque was picked and the recovered virus propagated and sequenced.
Inhibition of infection with soluble proteoglycans. GMK cells were grown in 25-cm 2 flasks to ϳ100% confluence. Virus dilutions (180 l) were incubated with 20 l of 1-, 2-, 5-, 10-, and 100-mg/ml heparin (Sigma, United Kingdom) or dermatan sulfate (Sigma) for 20 min. These were subsequently diluted into 1 ml of medium and added to the cell monolayers. Incubation continued for 1 h with gentle rocking at room temperature before the cells were overlaid with a 2% (wt/vol) solution of CMC-agarose. Plaques were visualized by staining after 2 to 3 days of incubation at 37°C.
Removal of viral particles from tissue culture supernatant using immobilized heparin. Heparin-agarose and, as a control, the equivalent agarose preparation not conjugated to heparin (CL4B; Sigma) were used at a final mass of 500 mg. The slurry was washed 3 times with 400 l of phosphate-buffered saline (PBS) and once with 400 l of growth medium and preequilibrated with a final volume of 200 l of growth medium. Five hundred microliters of virus suspension at 5 ϫ 10 3 PFU/ml in growth medium was added to the heparin-agarose or agarose slurries. The virusslurry mixtures were incubated for 1 h on a rolling mixer. The supernatant was separated by centrifugation at 3,000 ϫ g for 2 min, filter sterilized through a 0.22-m-pore disc, and used for plaque titration. The slurries were then incubated with 500 l of 0.5 M sodium chloride and centrifuged, and the supernatant was also used for plaque titration.
Inhibition of proteoglycan sulfation with sodium chlorate. GMK cells were grown in medium containing 50 mM NaClO 3 (Sigma, United Kingdom) for 3 days in 25-cm 2 flasks to ϳ100% confluence. The cells, together with mock-treated GMK cells, were used for plaque assays as described above.
Nucleotide sequence accession numbers. The sequences obtained for the amplicons have been submitted to GenBank and given the accession numbers JN996499 to JN996516.
RESULTS
Sulfated compounds present in agar reduce infection of some CAV9 isolates. To investigate potential interactions of CAV9 with HSPG, the Griggs strain and four previously described isolates (CO62, CO79, CO85, and CO87) were studied (6) . It has been known for some time that agar contains sulfated polysaccharides that can interact with some viruses and inhibit virus growth (43) , while agarose lacks these sulfated polysaccharides, which gives a rapid screen for viruses that bind to HSPG (3). Through plaque titrations comparing agar and agarose overlay media, it was clear that CO79 and CO85 infections were significantly inhibited in the presence of agar, marked by a reduction in both plaque sizes (data not shown) and numbers (Fig. 1) . CO62, CO87, and Griggs were not inhibited; indeed, infection appeared to be enhanced (Fig. 1) .
The molecular basis of HSPG interaction. In order to identify the molecular basis of the agar inhibition, we determined the complete sequences of the capsid-encoding P1 region of the four CAV9 isolates. From the P1 alignment, including the known Griggs sequence, 57 amino acid positions show some polymorphism, but one was particularly interesting, as it alone correlated with the observed phenotypes; i.e., it was shared by the agar-inhibited strains but differed in the noninhibited strains. At position 132 in VP1, an R residue is seen in the agar-inhibited strains CO79 and CO85, while a T residue is seen in the noninhibited strains, i.e., Griggs, CO62, and CO87 ( Properties of the T132R mutant virus. To confirm the signif-icance of this amino acid, a T-to-R change was introduced into the CAV9 Griggs strain, giving a T132R mutant. After in vitro RNA transcription, GMK cells were transfected with the newly synthesized RNA to recover mutant virus, and the presence of the mutation was confirmed. There was no appreciable effect of the mutation on virus growth (data not shown). Heparin, a highly sulfated analogue of heparan sulfate (HS), is generally used to mimic HSPG binding (34) . We analyzed the ability of soluble heparin to suppress CAV9 infection (Fig. 3) . Increasing concentrations of heparin were incubated with the CAV9 strains and the effects examined by plaque titration. Consistent with the agar and agarose data, CO79 and CO85 infections were inhibited by heparin treatment of the viruses prior to infection in an approximately dose-dependent manner, while a stimulatory effect was seen in Griggs, CO62, and CO87 infections. Interestingly, soluble heparin did not inhibit infection by the T132R mutant and a slight stimulatory effect was seen, although this was less than that observed for the parental strain Griggs (Fig. 3 ). Dermatan sulfate, the second most widely expressed and sulfated member of the glycosaminoglycan (GAG) family, showed no appreciable levels of inhibition or stimulation (data not shown). Next, we examined whether CAV9 strains could bind to immobilized heparin. Heparin-agarose and agarose (control) slurries were incubated with virus cultures. The supernatants were recovered from the slurry by centrifugation and filtered sterilized prior to plaque titration. Infectivity of the T132R mutant, CO79, and CO85 supernatants was almost completely lost when heparinagarose was used compared to agarose, while the Griggs sample retained full infectivity (Fig. 4) . To confirm that the loss of activity was due to virus binding to immobilized heparin, this was treated with 0.5 M NaCl and the eluate was subjected to plaque assay. This released most of the infectivity from the T132R mutant, CO79, and CO85 slurries, demonstrating that virus particle binding to immobilized heparin had occurred and providing definitive evidence that the T132R change permitted heparin binding (Fig. 4) .
Growing GMK cells in the presence of sodium chlorate reduced infection by HSPG-interacting strains. Further evidence for the involvement of HSPG in virus binding was demonstrated using sodium chlorate. Sodium chlorate was previously shown to inhibit human rhinovirus A54 (HRVA54) infection in RD cells (28) by blocking a crucial stage in HSPG biosynthesis. GMK cells were grown for 3 days in media with and without 50 mM sodium chlorate before they were infected with virus. The results show that the presence of chlorate reduced infection by isolates CO79 and CO85, compared to the non-chlorate-treated control (Fig. 5) . Chlorate did not inhibit T132R mutant infection of cells, and a slight increase in Griggs infectivity was observed. Total inhibition of infection by CO79 and CO85 was not observed, possibly due to chlorate not completely blocking sulfation of GAG moieties or to use of other receptors.
Assessing the HSPG-binding phenotype in other HEV-B species members. Several HEV-B species isolates were screened for HSPG interactions using the soluble heparin assay (typical data are shown in Fig. 6 ), and a 601-nucleotide fragment including the CAV9 VP1 position 132 equivalent was sequenced in both orientations following RT-PCR (Fig. 7) . These samples included a further 5 CAV9 isolates, all of which were found to have the T132 genotype and were not inhibited by heparin. Of the two echovirus 2 (E2) isolates examined (E2-657 and E2-EVO715B), E2-EVO715B had the basic residue K at the position equivalent to FIG 1 Infection by some CAV9 isolates is inhibited by agar. Plaque titration assays for several CAV9 isolates were carried out on GMK cells, using an overlay which contains either agarose or agar. The plaque number obtained using agar is expressed as a percentage of that obtained using agarose, which is set at 100%. Values shown are means from three independent experiments, and error bars indicate standard deviation.
FIG 2
Identification of an amino acid position which correlates with the agar inhibition phenotype. Amino acid sequences of the capsid-encoding region of CAV9 isolates CO62, CO79, CO85, CO87, and the prototype strain Griggs were aligned using ClustalW. Numbers refer to P1 position in CAV9 and are equivalent to VP1 positions 123 to 151. CO79 and CO85 (names shown in white on black background), the two isolates inhibited in the presence of agar, have an arginine (R-also shown in white on black background) at VP1 position 132, while the noninhibited viruses (names and corresponding residues all shown on a gray background) have threonine (T). CAV9 VP1 position 132 and was blocked by soluble heparin, while E2-657 was not blocked and had glutamine (Q) at position 132. The E5 isolate tested (E5-EVO59B) was also inhibited by soluble heparin, and it, too, had K132. One of the E11 isolates (E11-EVO427B) had Q132 and was not blocked by heparin. The other E11 isolate (E11-EV054A) and the E7 isolate (E7-620) both contained a mixture of small and large plaque viruses. These were plaque purified and analyzed separately. In each case, the small but not the large plaque variant was blocked by heparin. The sequences were consistent with the pattern observed for the other isolates, as the blocked variants both had amino acid R132. The nonblocked E7-620 had S132, and the nonblocked E11-EVO54A had Q132. In contrast, both E6 isolates analyzed (E6-EVO511B and E6-EVO415B) had R132, but neither was inhibited by soluble heparin.
Symmetry-related clustering at VP1 position 132. To understand how the T-to-R VP1 position 132 change may exert its effect, we looked at the 3D structure of the CAV9 Griggs strain (16) using the Rasmol program (39) . It was observed that VP1 position 132, which is located in the VP1 DE loop, is a highly surface-exposed position in the 3D structure. Moreover, 5 copies of this amino acid come together to form a tight cluster around the 5-fold axis of symmetry (Fig. 8) . The implications of this are that the T-to-R change forms a cluster of positive charge around the 5-fold axis which would permit HSPG binding at the cell surface.
FIG 3
Heparin inhibits plaque formation of some CAV9 isolates in a dose-dependent manner. CAV9 isolates and the T132R mutant were treated with increasing concentrations of heparin and then subjected to plaque assay on GMK cells. In each case, the number of plaques obtained was expressed as a percentage of the number obtained in a no-heparin control (0 mg/ml). Values are means from three independent experiments, and error bars indicate standard deviations.
FIG 4
Some CAV9 isolates and the T132R mutant can bind to immobilized heparin. Viruses were incubated with agarose or heparin-agarose beads for 1 h and the supernatants subjected to plaque assays on GMK cells. Any bound viruses were eluted using 0.5 M NaCl 2 and again analyzed by plaque assays. The results are the means of three experiments, and error bars indicate standard deviations.
DISCUSSION
In this report, we demonstrate a molecular interaction of some CAV9 isolates with HSPG and identify a critical amino acid, that at position 132 in VP1, involved in defining this phenotype. HSPG usage was demonstrated by reduction of plaque formation in the presence of agar, which is known to contain sulfated polysaccharides; inhibition of viral binding using soluble heparin; removal of virus particles from cell culture supernatant using immobilized heparin, followed by elution; and a reduction of virus infectivity in cells grown in the presence of the sulfation inhibitor sodium chlorate. Introducing a mutation (T132R) at this position in CAV9 Griggs, which does not bind HSPG, conferred the ability to bind to immobilized heparin.
HSPG-interacting regions must be exposed on the surface of the potential ligand in order to bind and are made up of multiple positively charged amino acids that interact with the negatively charged HSPG. They can be composed of linear motifs of the form BBXB and BBBXXB, where X is a neutral or hydrophobic amino acid and B is any one of the basic amino acids (4). However, they are often formed from clusters of basic residues that tend to be far apart in the protein sequence but are brought together in the folded structure. One example is seen in FMDV, in which an FIG 5 GMK cells grown in the presence of sodium chlorate show reduced susceptibility to some CAV9 isolates. Cells were grown for 3 days in medium containing 50 mM sodium chlorate. They were then used for plaque assays using CAV9 isolates and the T132R mutant. In each case, the number of plaques obtained was expressed as a percentage of the number obtained in mock-treated cells. Values are means from three independent experiments, and error bars indicate standard deviations.
FIG 6
Infection with several members of the species HEV-B can be blocked with heparin. Plaque assays were performed on 5 CAV9 and 10 echovirus isolates or variants after treating virus dilutions with 100 mg/ml of heparin or mock treating. Results are shown for large plaque (LP) variants of E11-EVO419B (A) and E7-620 (C), representing nonblocked viruses, and small plaque (SP) variants of E11-EVO419B (B) and E7-620 (D), representing blocked viruses. Two E2 strains, E2-EVO715B (E) (partially blocked) and E2-657 (F) (enhanced infection), are also shown.
HSPG-binding site studied by X-ray crystallography is made up of residues from both VP1 and VP3 (10, 11) . Analysis of the capsid region of two HSPG-interacting CAV9 isolates did not reveal a linear domain; rather, a single VP1 amino acid difference (R at position 132) from nonbinding strains is shared by these isolates and is a key factor in binding to HSPG (Fig. 2) . VP1 position 132 is unique, as copies of no other amino acid in a surface-exposed position are clustered by symmetry so tightly around the 5-fold axis (Fig. 8) . Thus, a change at no other single position in the P1 region could generate such a concentration of additional positive charges. The adjacent amino acid, at position 131, has a similarly exposed location but clusters slightly more loosely, as it is farther away from the 5-fold axis. The unique location of R132 strongly supports the idea that clustering of this amino acid enables HSPG binding. This means that the virus particle will have 12 HSPGbinding sites, each located at a vertex of the icosahedron. It remains possible that other residues contribute to HSPG binding, such as a histidine at VP1 position 230, which is the only other nearby positively charged amino acid in any of the CAV9 isolates. In confirmation of a role in HSPG binding, substitution of R132 for the naturally occurring T in the nonbinding Griggs strain at this position gave a virus capable of binding to immobilized heparin (Fig. 4) . Database sequences suggest that a basic residue at position 132 in VP1 is rare in CAV9 isolates, as there are no other examples with R and only a few with K at this position. Accordingly, none of the 15 CAV9 isolates we studied was inhibited by heparin, and all 5 chosen for sequencing had a T at this position (Fig. 7) .
The fact that a single substitution permitted HSPG usage by some CAV9 isolates in our study prompted further examination of other HEV-B species members. Analysis of database sequences shows that there is extensive polymorphism at the equivalent position in other HEV-B members (data not shown). In 11 types, a basic residue occurs at this position in at least some isolates, suggesting the possibility of HSPG binding, although without the 3D structures of many of these types, it is not possible to tell whether folding generates a domain similar to that in CAV9. Possible interactions with HSPG were, however, addressed directly by sequence analysis and heparin-blocking studies ( Fig. 6 and 7) . Isolates from 6 HEV-B types were analyzed. In 5 of these types, isolates with a basic residue at position 132 were inhibited by heparin, while isolates with a nonbasic residue were not blocked. The exception was E6, where two isolates studied had R132 but were not inhibited by heparin. Similarly, they were not able to bind to immobilized heparin (data not shown).
It is possible that HSPG usage in enteroviruses arises from position 132. The amino acid sequences of part of VP1, including the residue equivalent to position 132 in CAV9, were determined for the viruses tested for heparin blocking and aligned using ClustalW. Numbers refer to P1 position in CAV9 and are equivalent to VP1 positions 127 to 151. Several (names shown in white on a black background) were blocked by heparin and had a basic amino acid at this position (highlighted in white on a black background). Isolates that were not blocked by heparin did not have a basic residue at the corresponding position (on a gray background) apart from the E6 isolates analyzed, which were not blocked by soluble heparin but did have a basic residue. Perfectly conserved residues are indicated by an asterisk (*), and conservation of residues with strongly and weakly similar properties by two dots (:) or by one dot (.), respectively.
FIG 8
Five copies of VP1 position 132 cluster at the 5-fold axis. The location of VP1 position 132 (shown in spacefill) was identified in the three-dimensional structure of CAV9 using Rasmol (16, 39) . Two projections are shown to illustrate the clustering (A, top view of the CAV9 pentamer) and the surface exposure (B, side view).
adaptation to the cells in which isolates are propagated, as seen in FMDV (21) . Differences in initial culture protocols may be responsible for the HSPG usage or nonusage in the CAV9 isolates, particularly as these were isolated over a period of 25 years (6). In two of the echovirus isolates examined in this study, HSPG-binding and nonbinding variants were recovered, which may add weight to this conclusion. However, when these variants were isolated by plaque purification, their phenotypes appeared to be stable upon further passage, implying that tissue culture did not impose a severe selection. It may therefore be that the variants were both present in the original infection, raising the possibility that populations with different receptor tropisms are present in enterovirus infections. The correlation between a basic residue at position 132 and HSPG binding suggests that receptor or coreceptor usage in these viruses is at least partially predictable from the sequence alone. This opens up the possibility of future studies on the significance of HSPG usage in enterovirus infections, particularly if this affects tropism or pathogenesis, by simply recovering and directly sequencing viruses from different sites of infection. Interestingly, attachment and subsequent infection by a highly neurovirulent strain of Theiler's virus are mediated by HSPG, which contrasts with infection by a strain with low neurovirulence, whose attachment is mediated by sialic acid moieties (37, 41) . There is evidence which suggests that an increase in virulence due to HSPG usage is seen in other picornaviruses such as FMDV (33) . Prediction of HSPG binding from sequence alone is complicated by our results on E6. Over 100 E6 sequences are available in the database, and almost universally, isolates have a basic residue (nearly always an R) at the position equivalent to 132 in CAV9. Moreover, previous work by Goodfellow et al. (12) identified several HSPG-binding E6 strains. It was therefore surprising that neither E6 strain in our study binds HSPG, despite having an R residue at the apparently key position. One possibility is that the precise structure is critical, and there may be a sufficient difference in the location of the 132-equivalent residue in E6 to prevent clustering of positive charges and HSPG utilization. In this regard, it is interesting that a phylogenetic tree based on VP1 sequences indicates two broad clusters of enterovirus types (see Fig. S2 in the supplemental material). Most (i.e., 9) of the 11 types, where some isolates have a basic residue at the 132-equivalent position, are in the same group as CAV9, including 4 (E7, E11, E19, and enterovirus 85) that group more tightly with CAV9. E6 is in the other group, related more closely to coxsackie B viruses, which could imply significant structural or functional differences. It is also possible that other local charges may interfere with potential HSPG binding in our E6 isolates. HSPG binding in isolates studied by Goodfellow et al. (12) could, then, be due to differences in these local charges or due to an entirely different mechanism. These isolates would clearly repay further study. It is interesting that in contrast to the discordance seen in E6 results, the recent observation that E5 Noyce binds to HSPG is consistent with our predictions, as this strain has a K residue at the 132-equivalent position (19) . Preincubation of the CAV9 strains with heparin prior to cell adsorption reduced virus infection dramatically in the case of CO79 and CO85 but not Griggs, CO62, or CO87, with which, in fact, infection was stimulated. The engineered T132R mutant was also not inhibited by heparin (Fig. 3) . All the isolates have the RGD motif (6) used to interact with integrin ␣v␤6 (48) , and all can be blocked by an antibody to this integrin (data not shown), suggesting that the interaction is critical. Thus, HSPG does not appear to be an alternative receptor, and it might be expected that HSPG binding would be advantageous rather than necessary for infection. It may function by binding the virus on the cell surface, facilitating a more specific interaction with the integrin. The sensitivity to competitive inhibition with soluble heparin and substantial reduction in infection of chlorate-treated cells suggest that this advantage is highly significant for these isolates. Alternatively, binding to heparin interferes with binding to the integrin receptor or other molecules that are involved in entry. However, if interference was occurring, or there was a nonspecific effect due to aggregation of virus particles, it would be expected that the acquisition of heparin-binding ability by the T132R mutant would also lead to inhibition of infection. Overall, it is likely that HSPG binding is advantageous for CO79 and CO85, and so blocking this reduces infectivity. It has recently been observed that acquisition of HSPG binding allows an HRVA8 variant to enter cells by a distinct mechanism (29) , and it would be interesting to explore whether the different effects of heparin on the CAV9 strains are mediated by alternative entry pathways.
Rather than blocking infection, treatment of the non-HSPGbinding strains with heparin enhanced infectivity (Fig. 3) . Low concentrations of heparin enhanced infection of an HSPG-binding HRVA89 mutant (47), while higher concentrations inhibited infection, and similar results have been observed for murine leukemia virus PVC-211 (25) . In these cases, enhanced binding and/or entry by bridging of heparin on the cell surface and bound to the virus, or alteration of pH of intracellular compartments, has been suggested. In the case of CAV9, it seems likely that the effect is not due to alterations by the soluble heparin itself, as enhanced infectivity growth was also seen in cells treated with sodium chlorate in the absence of heparin (Fig. 5) . One possibility is that the apparently nonbinding strains in fact bind heparin very weakly, and this interferes with productive interactions at the cell surface. Blocking with soluble heparin prior to cell surface interactions or reducing the level of interacting molecules by chlorate treatment would both be expected to enhance infection as observed.
The interactions between HSPG, its cellular ligands, and viruses have been shown to be mostly ionic. Some viruses which bind HSPG at the cell surface do so as a result of cell culture adaptation, and in some instances, the mutant virus is attenuated when introduced back into the natural host (2, 18, 42, 47) . Recently, in a similar study where FMD SAT 1 and SAT 2 viruses were adapted to BHK-21 cells, Maree et al. (33) . showed that the adaptation resulted in several mutations that occurred throughout the capsid proteins. Of particular interest were mutations that occurred at positions 110 and 112 in the VP1 protein which, when plotted onto the 3D image of the FMDV pentamer, clustered around the 5-fold axis of symmetry. The findings of Maree et al. (33) , together with work on adenovirus 2 in which multiple amino acids formed a functional heparin binding domain (HBD) by clustering around the 3-fold axis of symmetry in the folded structure, highlight the fact that uncommon HBDs exist (27) . Here we show that in a number of viruses of HEV-B species, a similar symmetry-related clustering of copies of one basic amino acid can allow HSPG binding. Thus, a single amino acid change can lead to the acquisition of the ability to bind to a cell surface molecule, which emphasizes the potential flexibility of receptor usage in picornaviruses.
